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(57) Abstract 

A method and apparatus for increasing the operational bandwidth of a multimode optical fibre communications system is provided. 
The method comprises launching optical radiation into the core of the multimode fibre away from the centre of the core so as to strongly 
excite mid order modes of the multimode fibre, but to only weakly excite low order and high order modes of the multimode fibre. The mid 
order modes excited are predominately within a small number of mode groups and thus have similar propagation constants. This leads to 
a reduction in modal dispersion and thus to a significant increase in bandwidth compared to an overfilled launch. The offset launch of the 
invention is tolerant both to the launch conditions and to any imperfections in the fibre refractive index profile. Modal noise performance 
is also enhanced. Embodiments of the invention employ a singlemode fibre, a multimode fibre or a lens to illuminate an end face of a 
multimode fibre with a small spot offset from the optical axis of the fibre. 
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MULTTMODE COMMUNICATION S SYSTEMS 

The present invention relates to methods and apparatus for improving the performance of 
multimode optical fibre communications systems, and in particular to methods and apparatus 
5 for launching optical radiation into multimode fibre. 

In the late 1970s, and early 1980s, much work was carried out to improve performance of 
multimode optical fibre communications systems. However, when multimode fibre was 
replaced by a singlemode fibre, as the medium of choice for use in high bit rate, long 
10 distance communications systems, much of this work ceased. Multimode fibre has 

continued to be used in optical communications for systems operating at lower bit rates, and 
over shorter distances, for example in building or campus LANs. There is thus a large 
installed base of multimode fibre, which represents a significant investment. 

1 5 In recent years the demand for high data rate LANs has increased dramatically, for example 
to lGBit/s and beyond. Thus, even though multimode optical fibre is only utilised over 
short distances, for example 500 metres, the required data rates cannot be achieved utilising 
conventional techniques. 

20 A key aspect in determining the bandwidth of a multimode optical fibre communications 
link, which has been recognised for many years, is the number and distribution of modes 
within the multimode fibre which are excited, and therefore carry optical energy. See for 
example Chapter 7 of "Optical Fibres for Transmission" by John E. Midwinter, published by 
John Wiley & Sons in 1979. If a pure low order singlemode is launched into a multimode 

25 fibre, and there is no mode mixing, the bandwidth and other characteristics of the optical 
communication link will be that of a single-mode fibre, i.e. the link will have high bandwidth. 
If mode mixing occurs, for example due to fibre profile irregularities, or mechanical 
perturbations of the fibre, energy will be coupled from the single lowest order mode into 
higher order modes having lower group velocities, and additional pulse dispersion will 

30 inevitably result, leading to a lower overall bandwidth for the communications system 
Alternatively, if light is launched into the same multimode fibre in a manner so as to 
uniformly excite all modes of the multimode fibre (a so called "overfilled launch"), and if no 
mode mixing occurs, a maximum pulse spread will be seen, and the bandwidth of the 
communications system will be at a minimum. If mode mixing is introduced to this 

35 situation, because individual photons will then spend some time in many different modes, 
and will have travelled many short distances at different group velocities, less pulse 
spreading will be experienced. In the ideal case rather than experiencing an increase of 
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pulse spreading which is proportional to the length of the optical communications link, pulse 
spreading builds up only in proportion of the square root of the length of the optical 
communications link. Thus, in the early 1980s, although various alternative schemes were 
investigated (see eg US 4,050,782 and US 4,067,642), it was generally accepted that it was 
S desirable to launch many modes into a multimode optical fibre, and to ensure that adequate 
mode mixing occurred in order to achieve a reasonable, and predictable, bandwidth for an 
optical communications link. 

Despite this practical approach, it was however theoretically predicted that if the number 
10 and distribution of modes excited within a multimode fibre could be precisely controlled, the 
bandwidth of the communications link could be improved. For example, see Section 7.6, 
page 126 of Midwinter's book where it is suggested that controlled mode coupling can be 
utilised to prevent coupling to the highest order modes of the fibre so as to increase the fibre 
bandwidth without incurring a loss penalty. Nevertheless, it is stated here that "It must be 
15 said, however that experimentally it looks extremely difficult to achieve such a precisely 
controlled fibre environment, and at the time of writing no reports of experimental testing 
are known." 

In recent years lasers rather than LEDs (Light Emitting Diodes) have been utilised with 
20 multimode optical fibre communications systems. There are a number of reasons for this, 
firstly, lasers can be directly modulated at higher speeds than LEDs. Secondly, because 
lasers have only a few, well controlled, transverse modes they can be utilised to excite only a 
selected few modes of the multimode optical fibre. The aim has been to alter the launch 
conditions so as to increase the bandwidth of the multimode fibre beyond its OFL (overfilled 
25 launch) bandwidth. The OFL conditions are specified in an EIA/TIA standard (EIA/TIA 
455-54A "Mode scrambler requirements for overfilled launching conditions to multimode 
fibers") and are designed to ensure that all modes of the multimode fibre are uniformly 
exited. While an OFL launch ensures a certain minimum bandwidth, this worst case 
bandwidth is no longer sufficient and there is a requirement to reliably improve the 
30 bandwidth that can be guaranteed to be achievable for any multimode fibre system. 

It is known to utilise a laser to launch a small exciting spot of radiation at the centre of a 
multimode fibre, for example by employing a singlemode fibre, or a lens between the laser 
source and the multimode fibre. The aim of such a "centre launch", as it will be termed 
35 herein, is to excite only the lowest order mode (or at the most a few low order modes) of 
the multimode fibre. As discussed above, if only a few modes of a multimode fibre are 
excited, and little mode mixing occurs, the bandwidth of a multimode optical fibre 
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communications system can theoretically be increased dramatically since modal dispersion is 
effectively eliminated. However, there are several disadvantages to the use of a centre 
launch to increase the bandwidth of multimode communications systems. Tight tolerances 
on the position and size of the exciting spot are required to ensure the launch of only a 
5 single mode or a few low order modes. Secondly, as discussed above, if mode mixing or 
coupling occurs due to the fibre environment or at connectors within the communications 
system, many more modes will be excited despite the use of a centre launch. Thirdly, the 
centre launch technique is sensitive to defects in the multimode fibre refractive index profile 
and particularly sensitive to any "central dip" in the profile. Such a central dip can occur for 

1 0 example due to the evaporation of dopant from the inner surface of a fibre preform when the 
preform is collapsed during the fabrication of the fibre. Finally, the use of a laser to launch a 
small number of low order modes into a multimode fibre is known to give rise to modal 
noise. The modal noise problems experienced when using high coherence sources with 
multimode fibres are exacerbated when only a few modes of the multimode fibre are excited. 

1 5 Modal noise problems have received much recent attention, see for example "Improved 
Multimode Fibre Link BER Calculations Due To Modal Noise and Non-Self Pulsating Laser 
Diodes" R.J.S. Bates et al. Optical and Quantum Electronics 27 ( 1 995) 203-224. 

US 5,416,862 discloses the use of singlemode fibre whose longitudinal axis is tilted at a 
20 predetermined angle to the longitudinal axis of a multimode fibre to launch a small number 
of higher order modes into the multimode fibre. While this angled launch is said to reduce 
modal dispersion (and thus increase bandwidth) and to reduce sensitivity to mechanical 
perturbations, the excitation of only higher order modes causes a considerable loss of optical 
power. 

25 

According to a first aspect of the present invention there is provided a method of increasing 
the operational bandwidth of a multimode optical fibre communications system, the method 
comprising launching optical radiation into the core of the multimode fibre away from the 
centre of the core so as to strongly excite mid order modes of the multimode fibre, but to 

30 only weakly excite low order and high order modes of the multimode fibre. The present 
Applicants have discovered that by launching radiation into the core of a multimode fibre a 
predetermined radial distance from the centre of the multimode fibre a number of mid order 
modes can be reliably excited. The mid order modes excited are predominately within a 
small number of mode groups and thus have similar propagation constants. This leads to a 

3 5 reduction in modal dispersion and thus to a significant increase in bandwidth compared to an 
overfilled launch. Furthermore this "offset launch", as it will be termed herein, is tolerant 
both to the launch conditions and to any imperfections in the fibre refractive index profile. 
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i.e. similar mode profiles are excited in the multimode fibre despite variations in launch 
conditions and despite a central dip in the fibre refractive index profile. Indeed, consistently 
greater bandwidth enhancement has been observed when utilising an offset launch compared 
to a centre launch despite theoretical predictions that the centre launch should yield the 
5 greater bandwidth enhancement. This is believed to be due to fibre refractive index profile 
defects. It has also been found that an offset launch suffers from less optical power loss than 
prior art angled launch techniques. 

According to a second aspect of the present invention there is provided a method of 
1 0 decreasing modal noise experienced in a multimode optical fibre communications system 
employing a laser source, the method comprising launching optical radiation into the core of 
the multimode fibre by illuminating an end face of the multimode fibre with a spot of optical 
radiation offset from the longitudinal axis of the multimode fibre, so as to excite a plurality 
of modes of the multimode fibre, but relatively few low order modes of the multimode fibre. 
15 When a laser source is employed, the Applicants have found that an offset launch reduces 
the level of modal noise compared to that experienced in a multimode communications 
system utilising a centre launch. This is thought to be because modal noise in a multimode 
optical fibre communications system is generally inversely proportional to the number of 
modes excited within the multimode fibre. 

20 

Embodiments of the present invention thus enable a simultaneous enhancement of both the 
bandwidth and modal noise performance of a multimode optical fibre communications 
system relative to an overfilled launch and often also relative to a centre launch. 

25 According to a third aspect of the present invention there is provided a transmitter for use in 
a multimode fibre communications system, the transmitter comprising an optical source; and 
collecting means for collecting optical radiation output from the optical source and directing 
it to an end face of the multimode optical fibre, wherein the collecting means is adapted to 
direct optical radiation onto the core of the multimode fibre substantially away from the 

30 optical axis of the multimode fibre so as to increase the operational bandwidth of the 
multimode fibre communications system. 

According to one embodiment of the present invention the collecting means comprises a 
single mode optical fibre, one end of which is aligned to receive light from the optical 
35 source, the other end of which is aligned to launch optical radiation into the core of the 
multimode fibre of a multimode fibre communications system. Surprisingly, it has been 
found that when the ends of the single mode and multimode fibre are butted together, but 



WO 97/33390 



5 



PCT/GB97/00647 



axially mis-aligned, the bandwidth of the multimode fibre communications system is often 
greater than when the singlemode and multimode fibres are axially aligned. 

Alternatively, the connecting means comprises a lens, aligned to receive optical radiation 
5 from the optical source, and to direct a spot of optical radiation onto the core of the 
multimode fibre substantially away from the optical axis of the fibre. 

For both embodiments of the present invention, comprising the singlemode fibre, and the 
lens, advantageously the spot size of the optical radiation directed onto the core of the 
1 0 multimode fibre is substantially smaller than the core of the multimode fibre, preferably the 
radius of the spot is less than half the radius of the core. 

Preferably the distance of the centre of the spot from the centre of the core, x, is a 
substantial fraction of the radius of the core R. Advantageously X /R is between 0. 1 and 0.9. 
15 preferably X /R is between 0.5 and 0.7. 



The spot of optical radiation may for example be in the form of an annulus substantially 
equidistant from the optical axis of the multimode fibre, but is preferably of a substantially 
circular form. 

20 

Specific embodiments of the present invention will now be described, by way of example 
only, and with reference to the following drawings, in which:- 

Figure 1 shows shows a spot illuminating a multimode fibre core in accordance with 
25 embodiments of the present invention. 

Figure 2 is theoretical plot of the normalised mode excitation spectrum for a multimode 
fibre when excited by an overfilled launch, 

30 Figure 3a and 3b are respectively theoretical plots of the normalised mode excitation 

spectrum for a multimode fibre when excited by an offset launch and by an angled launch. 

Figure 4a and 4b are respectively theoretical plots of the bandwidth gain, compared to an 
overfilled launch, of an offset launch and an angled launch for various offsets and angles 

35 

Figure 5a and 5b are respectively theoretical plots of the power coupled into a multimode 
fibre from an offset launch and an angled launch for various offsets and angles, 



WO 97/33390 



PCT/GB97/00647 



6 

Figures 6, 7 and 8 are theoretical contour plots of the bandwidth gain (compared to an 
overfilled launch) due to an offset launch as a function of offset distance X and spot size r 
for respectively multimode fibres having §=1.8, 1.968 and 2.2, 

5 Figure 9 shows an experimental configuration for demonstrating first and second 
embodiments of the present invention, 

Figure 10 is an enlarged portion, in cross-section, of the experimental configuration of 
Figure 9, 

10 

Figure 1 1 shows experimental results achieved with the experimental configuration of 
Figure 9, 

Figure 12 shows experimental results comparing embodiments of the present invention to 
1 5 results achievable with prior art techniques. 

Figure 13 is a schematic representation of collecting means according to a second 
embodiment of the present invention, 

20 Figure 14 is a schematic representation of an experimental configuration for demonstrating 
a third embodiment of the present invention, 

Figure 15 shows experimental results achieved with the experimental configuration of 
Figure 14, 

25 

Figure 16a and 16b show nearfield patterns of multimode fibres in accordance with the third 
embodiment of the present invention 

Figure 17 shows bit error rate measurements of the experimental configuration of Figure 14 
30 and 

Figure 18 shows further experimental results utilising a VCSEL optical source with the 
configuration of Figure 14. 



35 



Although a full theoretical understanding of the mechanisms on which the present invention 
are based has not as yet been achieved, the Applicants have developed a theoretical model 
which gives some insight and facilitates enablement of embodiments of the present 
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invention. It will be appreciated that the present invention is not limited in any way by this 
theoretical model. The theoretical model is described in detail in the Appendix at the end of 
the present specification, however some results of this modelling will now be given. 

Figure 1 shows the geometry of an illuminating spot 20 offset (a distance X), in accordance 
to embodiments of the present invention, from the optical axis 22 of a multimode fibre 
optical 6. The illuminated spot 20 has a radius r and the multimode fibre 6 has a core 21 of 
radius R. 



10 



15 



Figure 2, 3a and 3b are theoretical plots of the normalised mode excitation spectra for an 
overfilled launch (figure 2), an offset launch (Figure 3a). and an angled launch (Figure 3b) 
into a multimode fibre. The multimode fibre is modelled to have a core of 62.5 M m diameter 
and a cladding of 125 Mm diameter and the operating wavelength is 1300nm. For the offset 
launch the illuminating spot is of radius 5/zm (standard for singlemode fibre at 1300nm) and 
is offset a distance X=18 M m from the multimode fibre axis 22. The angled launch has been 
optimised as far as is possible. As can be seen from these figures, the mode excitation 
spectra of these three types of launch are very different. The OFL shows the expected 
excitation of a large number of modes including the strong excitation of lower order modes. 
The angled launch, as disclosed in US 5.416,862. shows strong excitation of the higher 
20 order modes and very little excitation of the lower order modes. Furthermore the mode 
excitation profile is relatively flat. The offset launch in contrast shows the strong excitation 
of a small mid order group of modes that is believed to lead to high bandwidth and good 
modal noise performance. A centre launch would excite only the first or perhaps first and 
second order modes. 



25 



30 



Figure 4 shows the bandwidth gain for the angled launch (figure 4b) and the offset launch 
(figure 4a) of Figure 3. The bandwidth gain is calculated as a multiple of the bandwidth for 
an OFL. Both launches show increased bandwidth compared to OFL but the offset launch 
has a significantly greater bandwidth improvement. 



Figure 5 is a graph of the power coupled to the multimode fibre from the singlemode launch 
fibre for the angled launch (figure 5b) and the offset launch (figure 5a). From Figures 4 and 
5 it can be seen that for these particular operating conditions there is a range of offsets from 
between 15 and 25/zm which give both high bandwidth gain and low loss for the offset 
3 5 launch. However, for the angled launch in order to achieve significant bandwidth gains an 
operating range of high coupling loss must be entered. In should be noted that angles have 
been converted to equivalent offsets for the angled launch in Figures 4 and 5 in order to 
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compare the two launch techniques. 

Furthermore it can be seen from Figures 4 and 5 that there is a wide range of offsets that 
achieve these advantages and thus that, compared to a centre launch, significantly lower 
5 tolerances are required. 

As described at the end of the theoretical appendix to the present specification, the 
refractive index profiles of graded index multimode fibres vary, thus any modelling must 
address these variations. It is believed that currently available graded index multimode fibres 
10 have a variation of the index of the power law, g , of between 2.2 and 1.8, thus fibres having 
g within this range, and A = 0.01345 and u, = 1.5 have been modelled. 

Contour graphs of the bandwidth gain compared to overfilled launch have been plotted for 
various values ofg, offset and input beam waist (ie illuminating spot radius). The y axis of 

15 the contour plots is the source waist size normalized to w 0 (w 0 is lowest order mode waist 
size so that 1 on the y axis indicates a waist equal to the fundamental mode), the x axis is 
the launch offset in //m. Three contour plots are shown in Figures 6, 7 and 8. For all of the 
figures the wavelength is 850nm and the fibre type is 62.5/125/im. The three figures are for 
different values of the profile parameter with g values of 1 .8, 1 .968 and 2.2 in figures 6, 7 

20 and 8 respectively. These values were chosen to represent the two limits of g in modern 
fibre and also the value of g that gives the optimum overfilled launch bandwidth. Only the 
mappings of 850nm and 62.5/zm fibre are shown. However, the mappings for all other 
combinations (850nm/62.5/im MMF, I300nm/62.5/im MMF, 13OOnm/50^m MMF) have 
been calculated and show similar features. 

25 

In all three Figures there is a sharp peak in the bandwidth gain when the launch spot is 
exactly at the centre and matched in size to the fundamental mode. This would launch only 
a single mode and therefore modal dispersion will be zero. It should be noted that due to a 
theoretical gain of «> at the peak, the graphing package has omitted the first column of data 
30 making it appear that the peak occurs slightly off centre instead of at the centre. 



From these contours, it may seem that the centre launch provides spectacular bandwidth 
gains. However the analytical model used is based on square law media and it is therefore 
unable to determine the effects of defects in the fibre. Experimental evidence has shown 
35 that there might is advantage to offsetting the launch to overcome these defects. A second 
advantage in utilising an offset launch is the modal noise issue. A central launch minimising 
the number of modes in the fibre is expected to be near worst case for modal noise. 
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By offsetting the launch, the gain decreases from the peak but can remain significantly high. 
As the profile parameter g becomes close to optimum a second peak appears at an 
intermediate offset but there is also a deep trough between the offset peak and the mode 
matched gain peak. This trough in bandwidth gain is not a concern however since near the 
optimum g the OFL bandwidth is in any case quite high and therefore reduced relative 
bandwidth gain still results in a high absolute bandwidth. 

From these contours an empirical relationship between input beam waist and offset in order 
to obtain optimum gain can be determined to be: 

r -<•>„- (<•>„ / R) X 

Where r is the input beam waist (or illuminating spot radius), w 0 is the e' 1 waist of the lowest 
order multimode fibre mode , R is the core radius and X is the offset from the core centre. 



The degree to which defects or perturbations in the fibre affect the bandwidth enhancement 
has not been considered by the present theoretical model however work has been published 
showing that defects in the fibre can significantly affect fibre bandwidth (K. Yamashita, Y. 
Koyamada, and Y. Hatano, "Launching condition dependence of bandwidth in graded-index 
multimode fibers fabricated by MCVD or VAD method", IEEE J. of Lightwave Tech., vol. 
3, no. 3, June, 1985, pp. 601-607) and especially the bandwidth seen by centre launching 
(K. Suto and T. Kanada, "Dependence of error rate degradation on graded-index-fiber 
excitation state", IEEE J. of Lightwave Tech., vol. 3, no. 6, Dec. 1985, pp. 1324-1331). It 
is thus believed that the low bandwidth enhancement seen experimentally (and described 
below) is due to defects in the fibre refractive index profile. 

A first embodiment of the present invention, utilising a singlemode optical fibre as the 
collecting means will now be described. With reference to Figure 9 a singlemode optical 
source 1 comprises a 1300nm Fabry Perot laser, coupled to a singlemode, 9 M m diameter, 
fibre pigtail 2. A data generator 3, operating at 1.0625GBit/s feeds a data pattern to biasing 
and modulation circuitry 4, which drive the optical source 1. The singlemode fibre pigtail 2 
is butt coupled at 5 to 2.2km of 62.5/125um multimode fibre 6. The remote end of the 
multimode optical fibre 6 is connected to an optical receiver 7. The output of the optical 
receiver 7 is directed to clock and data recovery circuits 8 which recover the data pattern, 
and pass it to a sampling oscilloscope 9. Figure 10 is an expanded drawing of the butt 
couple 5 between the singlemode fibre 2 and multimode fibre 6. It can be seen that the 
centre of the singlemode fibre core is offset axially from the centre of the multimode fibre 
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core by a distance x. 

The multimode optical fibre 6 is standard graded index fibre, having a parabolic refractive 
index, and complying with ISO/IEC 793-2. The manufacturer's data for the bandwidth of 
5 this fibre (measured with an LED) is 500MHz.km at 1 Jfim and 20°c. Thus this should limit 
transmission at lGBit/s to a length of 1km at best, and more likely to 700m when using 
conventional launch techniques. Figure 1 1 shows the data pattern and eye diagram 
recorded at the sampling oscilloscope 9 for various offsets x between the singlemode fibre 
axis and the multimode fibre axis. From Figure 1 1 A it can be seen that for a conventional, 

10 on axis launch the eye diagram is indeed almost closed, after transmission through 2.2km of 
multimode fibre, and the data pattern shows significant distortion. When the singlemode 
fibre 2 is offset from the axis of the multimode fibre 6 by 6.3 5 ^m (corresponding to a ratio 
between the offset x and the multimode fibre core radius R of 0.2), it can be seen from 
Figure 1 IB that the eye diagram has opened and the data pattern shows less distortion. 

15 From Figure 1 1C, with an x/R ratio of 0.4 the eye diagram is almost fully open. At an X /R 
ratio of 0.6 the eye diagram is still open, but significant noise is seen since the optical power 
reaching the optical receiver is much reduced. Figure 1 IE shows the data pattern at an X /R 
ratio of 0.8. The data pattern can still be recovered, but the optical signal level at the optical 
receiver 7 is now very low and significant noise is present. The optimum X /R ratio, for a 

20 singlemode fibre with a core diameter of 9\im launching 1 .3 nm radiation into a multimode 
fibre having a core diameter of 62. Sum, is approximately 0.5. 

TABLE 1 



Offset X /R Average Launch Power Eye Height 

25 (dBm) (V) 

0 -8.69 2.5 

0.2 -8.70 2.5 

0.4 -8.71 2.4 

0.6 -8.86 "0.85 

30 0.8 -15.15 -0.05 



Table 1 shows the average launch power and the eye height for each of the X /R ratios. From 
this it can be seen that significant loss is suffered at X /R of 0.6 and 0.8. This is thought to be 
35 because the spot from the singlemode fibre 2 illuminating the end face of the multimode 
fibre 6 is too close to the edge of the core of the multimode fibre 6, causing lossy higher 
order modes, or cladding modes to be excited in the multimode fibre 6. However, at an X /R 
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ratio of 0.4 an extremely good eye diagram is received over 2.2km of multimode fibre at 
1.0625GBit/s, and very little additional loss is suffered compared to a conventional centre 
launch ( X /R = 0). 

5 In order to further demonstrate the benefits of the present embodiment, a series of 

experiments were carried out in which the data rate of the data generator 3 was altered, and 
a comparison between three launch conditions was made. Firstly, the Fabry Perot laser 
described above was utilised with the singiemode fibre 2 axially aligned with the multimode 
fibre 6 ( X /R = 0). Secondly, the same 1300nm Fabry Perot laser was utilised with the 
1 0 singiemode optical fibre 2 offset by 1 5um from the axis of the multimode optical fibre 6 
( X /R = 0.5). Thirdly, the 1.3 urn Fabry Perot laser was replaced by a 1.3pm LED, which 
directly illuminated the multimode fibre 6. For all three launch arrangements the data 
generator 3 was stepped from lOOMBit/s to 700MBit/s, in steps of lOOMBit/s. Figures 12A 
to 12E show the resulting eye diagrams. 

15 

Because the LED has a large light emitting area, and is directly butted to the multimode 
fibre 6, the LED will uniformly excite all modes of the multimode fibre 6. The symmetric, 
centre launch of the Fabry Perot laser will cause only a few low order modes of the 
multimode fibre 6 to be excited. It is believed that the offset launch condition (asymmetrical 
20 launch) of the Fabry Perot laser causes a large number of modes to be excited, but relatively 
few lower order modes. 



From figure 12 it can be seen that by 500MGBit/s both the LED eye diagram, and the Fabry 
Perot centre launch eye diagram are showing significant closure, whereas the Fabry Perot 

25 offset launch eye diagram shows an insignificant degree of closure, and very little loss of 
received power compared to the centre launch configuration. By 700MGBit/s the eye 
diagram for the LED is almost closed, that for the centre launch Fabry Perot is very poor, 
while that for the offset launch Fabry Perot is still fully open. Thus use of a launch 
configuration according to the present embodiment has increased the operational bandwidth 

30 of the multimode communications system significantly. 

A second embodiment of the present invention will now be described with reference to 
Figure 13 and Figure 9. It has been found that the collecting means, the singiemode fibre 2, 
of the first embodiment can be replaced by a multimode fibre if the launch of optical 
35 radiation from the optical source I into the multimode fibre is controlled so as to excite only 
low order modes. Figure 13 shows a cross-section of a launching multimode optical fibre 
10, having a core 1 1 The launch of optical radiation from optical source 1 into launching 
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multimode fibre 10 is controlled so as to achieve a small diameter output spot 12 from the 
multimode fibre 10 at the butt coupling point 5. In this embodiment this is achieved by the 
use of a single transverse mode optical source. 

5 A third embodiment of the present invention will now be described, which utilises an optical 
lens as the collecting means to achieve an asymmetric launch. 

Figure 14 shows the experimental setup. The laser diode used is an edge emitting Fabry- 
Perot device operating at 1.3 fxtn. This wavelength has been chosen since the specified 

10 bandwidth of MMF is higher at 1 .3^m than at shorter wavelengths. The threshold current of 
the laser is around 65 mA, and no temperature control is used. For the transmission 
experiments, the laser is biased at 79 mA and modulated with a digital bit stream of 1.5 V p- 
p. The light from the laser is collected with a single mode fibre (SMF) with a lensed end and 
then fed through an optical isolator to eliminate feedback caused by the fibre-air interface. 

15 (The isolator will not be needed in a fully fiberised system.) Launching the light into the 
MMF is achieved using a collimating lens and a focusing lens (microscope objectives). Both 
the lenses are mounted on xyz-micropositioning stages. The MMF used is of 50/125/xm 
type, with lengths of 2 km (bandwidths 735 MHZ*km) and 1 km (bandwidth 657 
MHZ*km). These 3dB optical bandwidths have been measured using an LED source and an 

20 overfilled launch and agree closely with the bandwidths quoted by the manufacturer. The 
light is detected with a commercial detector with a MMF input which operates up to 2.4 
GBit/s. 

The bandwidth of the system is evaluated by observing the eye-diagram on an oscilloscope 
25 and by observing the RF-spectrum on a spectrum analyser. In accordance with the present 
embodiment the quality of the eye strongly depends on the alignment of the focusing lens 
relative to the MMF end. When the launching system is aligned to focus the light into the 
centre of the fibre, the bandwidth of the fibre link is approximately 450 MHZ over 2 km. If 
however, the light is launched near the edge of the fibre core, the bandwidth is 
30 approximately 1.7 GHz ( over 2 km) f representing nearly a fourfold increase. The scope 
traces in figure 15 demonstrate the effect. With a link length of 3 km, acceptable eye- 
diagrams are obtained for data rates up to 2.4 GBit/s, the limit of the receiver. 

For the investigation of this effect, measurements of the fibre nearfield and the coupled- 
35 power-ratio (CPR) have been carried out. It is generally found that the highest bandwidth is 
achieved when the light is concentrated in the higher order modes (corresponding to a broad 
nearfield and a high value of CPR). In contrast, launching of the light into the centre of the 
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MMF, which results in a much lower bandwidth, excites mainly modes located in the centre 
of fibre core, corresponding to a narrower nearfield pattern and low CPR values. Figure 16 
shows the nearfield patterns at the MMF end. 

5 This behavior can be explained assuming that this launching technique can selectively excite 
sets of fibre modes with high (centre launch) and low (edge launch) modal dispersion. 

The influence of the launching system is investigated by changing the collimating and 
focusing lenses (which determine spot size and NA) and measuring the bandwidth and CPR 
1 0 for the best and worst launch conditions. The table 2 summarises the findings. Note that the 
bandwidth values have estimated accuracies of 200 MHZ and that the highest bandwidth 
value of 1 .76 GHz is limited by the receiver. 



15 



launching lens 
(mag./NA) 


Spot size 


Bandwidth 
(2km)/GHz 


CPR/dB 






best 
(offset) 


worst 
(centre) 


best 
(offset) 


worst 
(centre) 


X40/0.65 


3 


1.76 


0.45 


20.2 


7 I 


! x 16/0.32 


5.8 


1.76 


0.45 


24 


5 


x 10/0.25 


9 


1.76 


0.45 


19.6 


6 


X2.5/0.07 


23 


1.76 


0.45 


13.5 


7 


xl/0.05 


39.1 


1.0 


0.45 


14 


7.4 



30 



35 



Table 1 : Bandwidth and CPR values for a xlO collimating lens (the spot size values assume 
a spot size of 9^m at the SMF end) 

It can be seen that a bandwidth improvement is obtained for a large range of lens 
combinations, which correspond to spot sizes at the MMF input from of Zum to 23 ^m. The 
launching lens with the lowest NA, however, does not give a high bandwidth improvement. 

As the launching lens is moved across the MMF input from the position that gives the 
lowest bandwidth (centre of the fibre) to the position with the best bandwidth, the coupled 
power decreases. With the x40 and xlO lenses, this decrease is less than 1.5 dB, whereas 
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with the x2.5 lens it is about 4 dB. 

Bit error rates have been measured for a 2 km link operating at 2 GBit/s. Figure 17 shows a 
2 dB penalty for this link compared to the back-back operation. Error free operation over 
S one hour is also demonstrated. 

Preliminary experiments have been carried out using other light sources and fibre types. 
With an 850 ran VCSEL (HK2370B-DI0-2), operating in a single transverse mode, the 
same bandwidth increasing effect is found when the light is focused off-centre at the MMF. 

10 The changes in the output after 2 km MMF (bandwidth 828 MHZ*km at 850 run) are 
shown in Figure 18. Under optimum launching conditions, the rise time is approximately 
500 ps (rise time in back-back configuration is -300 ps), whereas the centre- launch results 
in a rise time of -1.5 ns. The performance of the VCSEL based system is currently limited 
by the characteristics of the laser (very small current range for single transverse mode 

15 operation) and the low receiver sensitivity. 

The selective launch scheme has also been evaluated for 62.5^m MMF. Using this fibre type 
(bandwidth 506 MHZ*km at 1300 nm) and a 1.3jum laser, transmission of 1 GBtt/s over 2.2 
km is achieved. At 2 GBit/s an open eye is also obtainable, however at the expense of 
approximately 20 dB less coupled power. 

20 

Embodiments of the present invention increase the bandwidth of multimode fibre 
communications links significantly. By selectively exciting sets of fibre modes with low 
modal dispersion, bandwidth enhancement of more than 400% can be achieved . Launching 
schemes according to the present invention operate with a range of fibre types and laser 
25 sources. Using a 1 ,3/xm laser diode, transmission of 2.4 Gbit/s over 3 km of 50/125A«n fibre 
is achieved, enabling multimode fibre to be employed for gigabit/s optical communications 
links. 
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APPENDIX - THEORETICAL MODEL 
Approximately Square Law Fibres 

Modern graded index multimode fibres are approximately square law media. The 
modal field distribution can therefore be modelled, at least to a first approximation, as 
the field distribution of the modes of a square law medium. In addition, it is well 
established that the WKB method can be used to calculate the delay time of the modes. 
For power law refractive index profiles simple analytical expressions for the delay 
exist, for example see D. Marcuse, Light Transmission Op tics, 2nd Ed., Van Nostrand 
Reinhold, 1982. 

Using the analytical expressions for the field distributions and the delay times it is 
possible to calculate the impulse RMS width of a multimode fibre. In addition, other 
relevant parameters such as the coupled power ratio may be estimated. 

Modes of a Square Law Medium 

The modes of a square law fibre may be calculated using Hermite polynomials, H(p,x) 
defined as: 

//( ^ x)= |(-irV!(2x)<^) 
„1?o -2m)! 

where p is the mode index. 



The total mode field distribution may then be expressed as the product of functions of 
x and y co-ordinates (x and y in plane of the fibre end face, z along axis of fibre) in 
accordance with J. Saijonmaa and S.J. Halme, "Reduction of modal noise by using 
reduced spot excitation". Applied Optics, vol. 20, no. 24, Dec. 1981, pp. 4302-4306: 



z{p,x,wq 




yl2 p p\-w 0 , 



H 



>.V2- 
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and 



i ( 



K^ w o)=(^) 4 • 



q\-w Q J 



where p and q are mode indices, w 0 is the e* 1 waist of the lowest order fibre mode 
given by 



w 0 = 



2R 



2xn\ 



♦V2A 



where, X is the wavelength of the source. 



A single transverse mode laser source may be modelled as a gaussian beam having an 
electric field distribution described by the following equations: 



F x {x,W x ,$) = J— — 



(x+S) 2 



,.,2 



where w x and w y are the waists of the beam in the x and y directions, 5 and s are the 
offsets in the x and y axis from the centre of the fibre core. 

The field excitation coefficients, C(p % q 9 wo t wx t wy.&e) l may then be calculated from the 
overlap integral of the excitation field and the modal field distributions of the fibre: 

CO oo 

C{p 9 q,w 0 ,w x ,w y ^e)= J fF x {x 9 w x% S)-F ym (y % Wy 9 e) x(P^,w 0 ) y/{q,y^)dxdy 



The double integral may be evaluated as the product of an integral over x multiplied by 
an integral over^y so that: 



C(p t q 9 w 0r w x ^w y ^5,s) = C p (p % w 09 \v X9 S)C q (q,w 0y w y ^) 



Evaluation of the integral results in the following solutions: 
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C p (p 



,w 0 ,w x ,S)= — 



1 



"° if) nr. ^ 



H 



P, 



and 



1 Hy • W Q 



> W 0 "6 - 



2 w .2> 



<7, 



2 



*" fl 4" 



The power coupling per mode, PC(p.q,wo,w x ,Wy.&£), may then be calculated to be: 

PC{p, q,M> 0> w x ,w y ,S,e)^(c p {p y w 0 ,w Xy S)C q (g, w 0 , w y , e)) 2 
Modal Propagation Times 

According to the WKB method, the modal propagation time, rfg.p.q), for power law 
fibres may be calculated as : 



8 



1-2-4. 



I N(g) 



05 



where, Z. is the fibre length, c the speed of light, g the power law of the refractive index 
curve, M(p t q) = (p+q+1) 2 and JVjfgJ the total number of guided modes 
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The RMS width of the impulse response of the fibre may then be calculated according 
to R. Olshansky and D.B. Keck, "Pulse broadening in graded-index optical fibers", 
Applied Optics, vol. 15, no. 2, Feb. 1976, pp. 483-491, as : 



where the total power is normalised to one. It should be noted that this model does not 
include other dispersion effects since modal dispersion predominates. 

Coupled Power Ratio Due To Single Mode Launch 

The EIA/TIA has proposed that the ratio of the optical power captured by a single 
mode fibre to that captured by a multimode fibre at the output of a multimode fibre 
under test be used to characterize the modal excitation of the test multimode fibre. The 
ratio is called the Coupled Power Ratio (CPR) and it may be calculated. 

The coupled power per mode observed at the output of a multimode fibre that has 
been excited by a single transverse mode source may be calculated to be 
CP(p,q^ 0l w X3 w y% & St, & €i): 



where, 8 , e and e u Si are the offsets of the input single mode source and the sampling 
single mode fibre in x and y directions respectively. 

If e and s { are set to zero the CPR in dB is then: 




CP(p*q 9 w 0> w x ,w 




P <l 
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Fibre Refractive Index Profiles 

The refractive index profiles in modern graded index fibres used for data 
communication applications follow approximately a power law where the refractive 
index is defined as: 



where n t is the core refractive index, n 2 is the cladding refractive index, r is the radius, 
R is the core radius, g is the profile parameter and A = {n\ - n\ 2n\ is the relative 

refractive index difference between core and cladding. The optimum profile for 
minimal modal dispersion is g * 2. All modern fibre is designed to be as close to 
optimum as possible but the actual range can be as much as 1 .8 < g < 2.2. 
Perturbations in the refractive index can occur. Defects at the core/cladding interface, 
changing profile parameter g as a function of radius or a central index dip have all been 
reported by workers in this field. The central index dip is probably the most severe 
defect and can occur during the collapsing of the preform in the manufacture of the 
fibre. The probability of the existence of this dip in modern fibre is not clear. 




»2 



r > R 
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CLAIMS 

1 A method of increasing the operational bandwidth of a multimode optical fibre 
5 communications system, the method comprising launching optical radiation into the core of 
the multimode fibre away from the centre of the core so as to strongly excite mid order 
modes of the multimode fibre, but to only weakly excite low order and high order modes of 
the multimode fibre. 

10 2. A method of decreasing modal noise experienced in a multimode optical fibre 

communications system employing a laser source, the method comprising launching optical 
radiation into the core of the multimode fibre by illuminating an end face of the multimode 
fibre with a spot of optical radiation offset from the longitudinal axis of the multimode fibre, 
so as to excite a plurality of modes of the multimode fibre, but relatively few low order 

1 5 modes of the multimode fibre. 

3. A transmitter for use in a multimode fibre communications system, the transmitter 
comprising an optical source, and collecting means for collecting optical radiation output 
from the optical source and directing it to an end face of the multimode optical fibre, 

20 wherein the collecting means is adapted to direct optical radiation onto the core of the 
multimode fibre substantially away from the optical axis of the multimode fibre so as to 
increase the operational bandwidth of the multimode fibre communications system. 

4. A transmitter as claimed in Claim 3, wherein the optical source is a source of 
25 coherent optical radiation. 

5. A transmitter as claimed in Claim 4, wherein the optical source is a laser. 

6. A transmitter as claimed in Claim 5, wherein the laser is a vertical cavity surface 
30 emitting laser. 

7. A transmitter as claimed in any of Claims 3 to 6, wherein the collecting means is 
adapted to illuminate the core of the multimode fibre with an annulus of radiation 
surrounding the centre of the core. 

35 

8. A transmitter as claimed in any of Claims 3 to 6, wherein the collecting means is 
adapted to illuminate the core of the multimode fibre with a substantially circular spot of 
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radiation of radius r. 

9. A transmitter as claimed in Claim 8, wherein the radius of the spot r is such that 

5 where R is the radius of the core of the multimode fibre. 

10. A transmitter as claimed in Claim 9, wherein 

Vr S V 4 

10 11. A transmitter as claimed in Claim 8, wherein 

r <; 10A, 

where X is the wavelength of the optical radiation output from the optical source. 

1 2. A transmitter as claimed in any of Claims 8 to 11 , wherein the distance of the centre 
1 5 of the spot to the centre of the core of the multimode fibre, x, is such that:- 

0.1 z V R < 0.9 

13. A transmitter as claimed in Claim 12, wherein 

0.5 < V R <: 0.7 

20 

14. A transmitter as claimed in Claim 12, wherein X / R is substantially equal to one half. 

15. A transmitter as claimed in any one of Claims 8 to 1 4 wherein 

r - cu 0 - (to 0 / R) X 

25 where o> c is the e 1 waist of the lowest order mode of the multimode fibre. 

1 6. A transmitter as claimed in any of Claims 3 to 15, wherein the collecting means 
comprises a singlemode optical fibre. 

30 1 7. A transmitter as claimed in Claim 16, wherein the longitudinal axis of the singlemode 
fibre is arranged to be substantially parallel to the longitudinal axis of the multimode fibre of 
the communications system. 

18. A transmitter as claimed in any of Claims 3 to 1 5, wherein the collecting means 
35 comprises a multimode fibre which is aligned to the optical source so that only low order 
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modes of the collecting multimode fibre are excited. 

19. A transmitter as claimed in any of Claims 3 to 15, wherein the collecting means 
comprises a lens. 

5 

20. A transmitter as claimed in Claim 19, wherein the lens has a numerical aperture 
between 0.1 and 0.8. 

21 A transmitter as claimed in Claim 19, wherein the lens has a numerical aperture 
10 between 0.3 and 0.7. 

22. A transmitter as claimed in Claim 19, 20 or 21, wherein the lens has a magnification 
of between xlO and x50. 

1 5 23 A transmitter as claimed in any Claims 3 to 1 5, wherein the collecting means 
comprises a holographic focusing element or mirror. 

24. An optical communications system comprising a transmitter as claimed in any of 
Claims 3 to 23, a length of multimode optical fibre, and a receiver. 

20 



25 
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Fig. 15a 

back-back (2 GBit/s) 



Fig. 15b 

after 1 km IM IMF 

(2 GBit/, edge launch) 






Fig. 15c 

after 2 km MMF 

(2 GBit/s, edge launch) 



Fig. 15d 

after 2 km MMF 

(500 MBit/s, centre launch) 



Performance of MMF link 
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Fig. 18c 

2 km MMF t worst launch (2 km) 



MMF output with single transverse mode VCSEL as source, 1 Gbit/s 
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